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ABSTRACT 


This  docuinent  constitutes  the  final  technical  report  under  Contract 
Flu620-73-C-0077  entitled  "Calculation  of  Potential  Energy  Curves  For  Metal 
Oxides  and  Halides."  A brief  review  of  all  work  performed  under  this  Contract 
is  given  and  a review  of  technical  progress  is  presented.  In  addition,  a 
list  of  the  technical  reports  and  papers  generated  under  this  research  program 
including  the  text  or  abstract  of  their  contents  is  given. 
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ABSTRACT  0^^  TECHHICAL  EFFORT 


The  research  performed  under  t'nis  Contract  was  directed  toward  the 
calculation  of  the  electronic  structure  and  radiative  transition  probabilities 
for  certain  diatomic  metal  oxides  and  halides  which  are  candidate  visible/lT/ 
laser  systems.  The  objectives  were  to  uncover  systems  having  a low-lying 
excited  state  with  a reasonably  long  (>10  ysec ) radiative  lifetime  and  situ- 
ated energetically  such  that  an  inversion  of  population  with  respect  to  the 
dominant  transitions  to  the  ground  state  was  possible.  The  systems  under 
investigation  to  date  include  the  group  IIA  metal  oxides  (BeO-BaO),  the  group 
IVA  metal  oxides  (CO-PbO),  IlF , SiF,  AIF  and  the  thirteen  electron  sequence: 

Cii,  BO  and  BeF.  These  latter  systems  have  a common  chemistry  of  their 
electronically  excited  states,  including  a common  A^n-*-X^r''  Meinel  transition, 
a first  negative  transition  and  a possible  metastable  a ^Z"'’-+X"E''’ 

transition.  Among  these  molecules  the  systems  BaO,  BO,  IFF,  SnO,  SiF  and  AIF 

were  chosen  for  detailed  studv.  Their  value  as  candidate  visible/lTV  laser  sys-  ^ 

i 

terns  has  been  analvzed.  \ 


( 
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RESEARCH  PROGRESS 


For  several  years  this  Center  has  been  involved  in  detailed  studies  of 
the  electronic  structure  and  radiative  lifetimes  of  the  air  system  and  certain 
diatomic  metal  oxide  species  which  may  be  of  abundance  in  the  perturbed  atmo- 
sphere following  a thermonuclear  explosion.  Such  diatomic  species  commonly 
exhibit  strong  LWIR  radiation  and  a quantitative  measure  of  this  effect  is 
needed  to  analyze  the  atmospheric  kinetics.  Tliese  studies  were  carried  out 
using  methods  of  molecular  quantum  mechanics  coupled  with  available  spectro- 
scopic information  on  excited  electronic  states. 

As  an  outgrowth  of  this  research,  a narrower  study  of  certain  classes  of 
metal  oxides  and  halides  was  initiated  with  the  intent  to  screen  such  systems 
for  candidates  which  might  show  potential  as  visible  or  UV  electronic  transi- 
tion lasers.  The  objectives  were  to  uncover  systems  having  a low-lying 
excited  state  with  a reasonably  long  (>10  ysec)  radiative  lifetime  and  situ- 
ated energetically  such  that  an  inversion  of  population  with  respect  to  the 
dominant  transitions  to  the  ground  state  was  possible.  The  systems  under 
investigation  to  date  include  the  group  IIA  metal  oxides  (BeO-BaO),  the  group 
IVA  metal  oxides  (CO-PbO),  NF,  SiF,  AlF,  the  thirteen  electron  sequence 
CH,  BO  and  BeF,  the  SiF  and  SnO  molecules  and  limited  regions  of  the  B + O2 
potential  energy  hj'persurfaces . Summaries  of  the  most  interesting  candidate 
laser  molecules  are  given  below. 

BaO 


For  the  system  BaO,  experimental  information  was  lacking  on  the  relative 
location  of  the  singlet  and  triplet  systems.  The  a state  had  been  previ- 
ousi.y  identified  (Ref.  l)  since  this  state  gives  rise  to  perturbations  in  the 
A band  system.  Detailed  calculations  were  therefore  carried  out  for 

states  of  ^z'*’,  3j;-  and  3ji  symmetry.  The  latter  set  of  calculations  could  be 
used  to  Judge  the  reliability  of  the  calculated  potential  curves  since  RKK 
curves  have  been  generated  for  the  a ^11  state  of  BaO. 

The  results  of  our  calculations  are  summarized  in  Fig.  1 which  is  a 
composite  of  RKR  and  calculated  potential  curves  for  BaO.  The  ^Z“  state  has 
the  characteristic  repulsive  behavior  of  this  state  in  the  other  group  IIA 
metal  oxides.  This  state  has  no  ionic  component.  The  raore  interesting  feature 
is  the  location  of  the  lowest  state  of  BaO  which  appears  to  lie  higher  than 
the  A Iz"*"  state.  Uncertainties  in  the  calculations,  based  on  comparisons  with 
states  of  3n  symmetry,  are  such  that  the  order  of  the  A ^Z'*’  and  lowest 
state  could  be  reversed  in  more  refined  calculations.  For  the  calculations 
performed  here,  the  configuration  interaction  included  the  6s,  6p,  and  5d 
electrons  on  Ba  and  the  2s  and  2p  electrons  on  0.  The  extent  of  the  Cl  varied 
from  500  - 3000  configurations. 
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Tliese  calculations  indicat'^  that  the  a n and  A'  I!  state  of  BaO  are 
still  the  nost  important  routes  for  branchinp  into  electronically  excited 
states  for  this  system.  Recent  experimental  evidence,  however,  has  irriicated 
that  the  ground  state  colliaional  transfer  of  excitation  to  A which  has  a 

very  short  radiative  lifetime  ("v  100  nsec),  imposes  practical  problems  for  the 
utility  of  this  system  as  a visible  chem.ical  laser. 

BO 


Our  focus  on  the  BO  molecule  arose  from  three  considerations.  First, 
boron  oxide  is  a light  m.etal  oxide  and  thus  has  a large  rotational  constant 
(V’  1.5  cm~l)  permitting  easy  separation  of  possible  lasing  molecular  levels. 
Second,  the  number  of  low-lying  molecular  electronic  states  is  rather  small 
which  results  in  a spectra  that  can  possibly  be  fully  analyzed.  Third,  this 
s;.  stem,  was  thought  to  exhibit  metastability  in  a low-lying  quartet  state. 

Thus  boron  oxide  might  exhibit  two  ch.aracteristic  lifetimes  — one  associated 
with  the  doublet  system,  transitions  and  a much  longer  lifetime  associated  v' th 
inter-system,  transitions. 

Detailed  quantum,  mechanical  calculations  were  carried  out  for  the 
s>Tir.etries  , ‘"7  , "Z  , “^11,  ‘^11,  A and  A,  including  all  molecular 

states  connecting  up  to  the  atom.ic  ionic  lim.it.  Higher  connecting  states  are 
all  Rydberg  in  character.  The  calculated  potential  energy  curves  were  com.pared 
with  RiZR  curves  derived  from,  existing  data  on  the  molecular  spectra  of  BO 
(Ref.  2)  and  a final  set  of  poter.ti.al  curves  was  derived  from  the  total  infor- 
mation from  spectra  and  our  detailed  calculations . Tl-.ese  potential  curves  are 
shown  in  Fig.  2 where  it  can  he  seen  that  the  a "2'*’  state  for  BO  is  strongly 
bound  and  highly  metastable.  An  exhaustive  literature  search  revealed  that 
this  state  has  probably  been  observed  experimentally  by  Mal'tsev  and  co-workers 
(Ref.  3)  but  was.  incorrectly  assigned.  Our  calculations  are  in  good  agreement 
with  the  experim.ental  location  of  this  state  and  no  other  molecular  symmetry 
appears  to  be  close-lying  to  prevent  a unique  assig.nment . Mal'tsev,  et  al . 
have  seen  this  quartet  state  emission  near  250oX  but  no  rotational  analysis 
was  carried  out.  The  system  was  observed  in  emission  from,  excited  BO  under  an 
arc  discharge.  Finally,  we  have  also  reviewed  and  analyzed  all  of  the  spectro- 
scopic data  for  BO,  including  the  quartet  systems.  These  data  are  shown  in 
Table  I. 

In  addition  to  our  calculations  of  the  energetics  of  this  system,  we  have 
analyzed  the  lifetimes  of  the  B and  A states  and  have  estimated  the 
lifetime  of  the  low-lying  a ^Z*  state.  Spin-orbit  coupling  in  BO  is  weak 
(X=100  c.m"^)  and  similar  to  that  found  in  and  CO.  This  results  in  a verv 

1,  . X 

long  radiative  lifetime  for  the  a Z state.  The  calculated  results  are  given 
in  Table  II  which  also  shows  the  wavelengths  of  some  of  the  stronger  Franck- 
Condon  transit  Lons. 
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Clearly  both  the  A “^n  state  and  the  a I state  are  hiph-potential 
candidates  for  laser  operation  to  the  ground  state.  The  strongest  transition 
in  the  Meinel  A X system  occurs  at  The  radiative  lifetime  is  prob- 

ably betweeii  1 and  10  usee  for  this  transition.  The  similar  transition  in  Cli 
has  exhibited  laser  action  with  e-beam  pumped  excitation  of  HCIJ.  The  long 
radiative  lifetime  of  the  a state  ("^1  sec)  suggests  that  emission  from  the 

' 4-  P + 

system  a "1  -*X  should  be  experim.entally  observed  far  dowristream  from  the 
visible  Meinel  transition  region. 

A limited  namber  of  calculations  of  the  B + 0^  hypersurfaces  were  carried 
out  near  equilibrium  geometry.  These  studies  indicate  stability  for  the  reac- 
tion BO  (a  ) + On  relative  to  BO  (X  + ©2,  since  the  former  reaction  leads 

to  formation  of  0 ^D.  This  seems  to  reinforce  our  optimism  for  this  system, 
since  collisional  deactivation  should  be  slow  compared  to  collisional  reaction 
of  the  ground  state  of  the  miolecule.  Further  studies  are  in  progress. 


IlF 


The  low-lying  singlet,  triplet  and  quintet  states  of  IlF  have  been  studied 
in  detail.  These  calculations  were  perform.ed  using  a large  configuration 
interaction  with  an  optimized  basis  set.  The  results  have  been  analyzed  and 
lifetime  calculations  are  now  in  progress  for  b a and  several  low-lying 

and  ^2  states.  The  b and  a states  have  very  long  radiative  lifetim.es 
since  both  states  have  .metastable  characteristics.  This  systemi  is  under  exper- 
imental study  at  Aerospace  (Kwok),  where  both  the  5600)^  (b-x ) and  llOfioS  (a-x) 
transitions  are  of  interest. 

Our  final  potential  curves  are  shown  in  Figs.  3-8  and  the  existing 
experim.ental  curves  are  given  in  Fig.  9.  A compilation  of  our  spectroscopic 
constants  for  NF  is  given  in  Table  III.  This  system  is  very  analagous  to  0^ 
and  should  exhibit  all  the  familar  band  systems  of  Op  such  as  Schumann-Runge 
) and  the  various  Herzberg  systems.  As  a laser  candidate,  this 
system,  appears  less  attractive  since  the  b state  should  be  about  as  reac- 

tive as  the  ground  X ^Z"  state.  Scaling  to  higher  pressures,  which  is  neces- 
sary for  obtaining  high  power  output,  looks  unfavorable  for  maintaining  a 
significant  population  in  either  the  metastable  b ^Z'*'  or  a ^A  states. 

SnO 


The  major  problems  in  SnO  lie  in  defining  reliable  Franck-Condon  factors 
and  Einstein  coefficients  (or  lifetimes)  for  the  low-lying  metastable  states 
(a  ^n,  ^n,  ^Z~),  for  the  unresolved  states  and  in  analyzing  the  branching  and 
total  density  of  low-lying  electronic  states.  A correlation  diagram  for  this  mol- 
ecule is  shown  in  Table  IV.  Clearly,  the  large  number  of  low-lying  ionic  states 
makes  this  system  look  unattractive  from  a kinetic  branching  viewpoint.  Experi- 
mental studies  of  this  system  have  been  carried  out  by  Zare  (Columbia  U.),  Capelle 
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(Aerospace)  and  Linevsky  (G.E.).  Candidate  transitions  are  the  A-X  system 
at  6i*OoS  and  the  a-x  system  at  3800S  but  reliable  lifetimes  and  data  on  per- 
turbations from  other  potential  curves  are  not  available. 

We  have  analyzed  the  spin-orbit  structure  of  this  molecule  and  the 
low-lying  connections  are  shown  in  Fig.  10.  Coupling  this  inform.ation  to  the 
available  spectroscopic  data  and  a limited  number  of  calculations,  we  show 
our  best  estimate  of  the  potential  curves  for  this  system  in  Fig.  11.  Clearly, 
the  a state  is  not  fully  resolved  and  the  0~  component  can  form  fromi 
singlet  reactants,  "he  possible  branching  paths  are  numerous  and  discouraring 
from,  the  viewroint  of  possible  excited  state  inversions. 


Si 


Interest  in  this  system  stem.s  from  the  nigh  exothermicity  of  the  SiKj^  + Fg 
reaction.  SiF  is  formed  in  electronically  excited  states,  mainly  a and 
A . A molecular  correlation  diagram  for  SiF  is  shown  in  Table  V.  Davis  at 
AF.%L  has  carried  out  lifetime  studies  for  the  h3fel  ( A-X)  transition  and  has 
done  some  preliminary  work  on  the  quartet  system.  A possible  laser  transition 
is  the  1.1-6  y a "^1“  - A system  and  a theoretical  estimate  of  the  lifetime 
of  the  a state  is  progress. 

We  find  a long-range  barrier  in  the  A excited  state  potential  curve 
as  indicated  in  Fig.  12.  This  barrier  is  the  result  of  an  avoided  crossing 
between  the  ionic  curve  and  the  valence  state  arising  from,  ground  state 
atoms.  The  states  of  quartet  s.\Tnmetry  have  no  ionic  component  and  no  long- 
range  barrier  is  evident  in  the  a state.  This  feature  suggests  that 
branching  into  the  6^1“  state  could  be  favored.  A more  complete  analysis  of 
the  long-range  surface  for  Si  + Fp  is  in  progress  to  more  fully  understand  the 
consequences  of  this  barrier. 

A IF 


Detailed  calculations  were  carried  out  for  the  symmetries  ^1'*',  ^1”,  , 

3n,  1a,  3j;+  and  . A composite  potential  energy  diagram  for  AIF  is  shown 
in  Fig.  13.  We  have  located  a^n  state  at  approximately  5 eV.  It  appears  to 
be  a near-Rydberg  state  to  AlP'*’  connecting  to  Al^’s  + F^P.  The  A^H  state  is 
predissociated  as  indicated  in  Fig.  13.  The  only  possible  laser  routes  for 
AIF  would  seem  to  be  an  inverse  predissociation  population  of  A^H  or  metastable 
build-up  in  the  a state.  Neither  route  appears  to  he  very  favorable  owing 
to  long-range  barriers  and  weak  Rydberg- valence  mixing. 
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TABLE  II 

CALCULATED  LIFETIMES  FOR  BO  TRAIJSITIOIiS 


System 

Transition 

Wavelenr' 

2 + 2 + 

L L 

(0,1) 

2265  X 

2 2 + 
n->-x  i 

' (0,2) 

1 

50I3  X 

j (0,3) 

5551  X 

1 (1,1) 

1366  % 

U + 2 + 

Z - X I 

(0,1) 

3091  ^ 

(0,5) 

3270  % 

(0,6) 

31^68  X 

2 + 2 
z ->-A  n 

(0,0) 

5201  S 

2U 


Lifetimes 

100  n sec 
1-5  usee 

600  ffiillisec 


2 psec 

I 

I 

I 


1 
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TABLE  III 

SPECTROSCOPIC  COL’STAUTS  FOR  NF 


State 

Te 

ue 

weXe 

ae 

re*^ 

A 

J45973. 

790.2 

52.30 

0.7563 

0.0256 

1.6629 

C 

^5570. 

1052.L 

88.98 

0.7595 

0.0153 

1.6591 

c ^Z~ 

U5167. 

960.8 

65.55 

0.7763 

0.0092 

I.6I1I 

B ^Z~ 

^355'-. 

895.8 

77.21 

0.7199 

0.0299 

1.6700 

i ■4* 

b 1 

18877. 

1197.^49 

6.61 

1.2377 

O.OIII8 

1.3001 

I 

a A 

IIU21. 

1169.  i-3 

8.82 

1.2293 

O.OII7 

1 . 3082 

X 

0. 

nil. 37 

8.99 

1.2056 

O.OII92 

1.3173 

0 

* I’g  is  given  in  A, all  other  constants  are  cm"* 
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TABLE  IV 

LOvs'-LiirJG  MOLECULAR  STATES  OF  SnO  AITl  THEIR  DISSOCIATION  LIMITS 


Dissociation  Limit 


eV 


Jiolecular  States 


Sn  + 0 

^Fg  (5s^5p^)  + ^Fg  (2s^2p‘^'l 


0.0 


(5s25p2) 

(2s22p'^) 

1. 

.068 

(5s25p2) 

(2s22p^) 

.967 

(5s^5p^) 

(2s^2p^) 

2, 

.127 

(5s^5p^) 

(2s^2p^) 

3. 

.035 

(5s25p2) 

+ lDg 

(2s22p‘^) 

i 

.094 

(5s^5p^) 

+ 

(2s^2p^) 

L, 

.189 

1.-4 

■(2), 

3z' 

'(2), 

^z' 

'(2n 

1^- 

(1  , 

3-- 

■(1), 

5'-- 

■(D, 

^*T 

(2^ 

3tt 

(2n 

5~ 

(2), 

1a 

(in 

3a 

(1), 

5a 

(1) 

3z^ 

■(1), 

3z- 

■(2), 

3^ 

(3), 

3a 

(2), 

3f 

(n 

3z^(l), 

3v- 

■(2n 

3tt 

(3). 

3a 

(2), 

3? 

(1) 

3v- 

(1), 

3-. 

CD 

^(3), 

1-- 

■(2), 

1„ 

(h). 

^A 

(3), 

(2), 

If 

(D 

IfT 

(1), 

1a 

(1) 

3^- 


(1),  (1) 


Sn  + 0 

\(5sSp)  + \ (2p^) 


( 

5.876 


V(2),  ^r(i), 

^z“(i),  ^n(2),  ^n(2). 
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TABLE  V 


LOW 

-LYING  MOLECULAR  STATES  OF 

SiF  AND 

THEIR  DISSOCIATION  LIMITS 

Dissociation 

Limit 

eV 

Molecular  States 

Si  + F 

(3s^3p^) 

S 

+ ^F  (2p^) 
u 

0.0 

^Z'(2), 

^n(2),  ^n(2),  ^A(l), 

^A(l) 

1 2 2 
(3s^3p  ) 

£ 

+ (2p^) 

u 

0.781 

^r(i),  ^i''(2),  ^n(3), 

^A(2),  ^$(1) 

1 2 2 
(3s^3p  ) 

£ 

+ ^P  (2p^) 
u 

1.908 

P + 2 

z (1),  n(i) 

(3s3p^) 

u 

+ ^p  (2p^) 
u 

it.  131 

^z"(i),  ^n(i),  ^n(i) 

+ 

Si 

+ f” 

(3s^3p) 

u 

+ (2p^) 

£ 

lt.701 

^n(i) 
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APPENDIX  A 


CONFIGURATION 
ION . 


INTEFA.CTION  STUDIES  OF  THE  HeH"^  MOLECULAR. 
III.  SINGLET  PI  AND  DELTA  STATES* 


T.  A.  Green 

Sandia  Laboratories,  Albuquerque,  Nev  Mexico 
K.  H.  Michels 

United  Technologies  Research  Center 
East  Hartford,  Connecticut 

J . C . Browne 

Department  of  Physics  and  Computer  Sciences 
University  of  Texas,  Austin,  Texas 


ABSTRACT 


The  method  of  superposition  of  configurations  is  applied  to  the  singlet  pi 
and  delta  states  of  HeH*  which  correlate  to  the  separated  atom  states  of  principal 
quantum  number  less  than  or  equal  to  3.  The  calculations  are  carried  out  for 
intern  'dear  separations  R in  the  range  0(0.l)3^.5,  35-0(0.5)50.0  a.u.  The  delta 
state  calculations  are  also  extended  to  R=65.  The  work  is  a continuation  of  a study 
of  Hen*  for  which  the  singlet  sigma  states  have  already  been  reported.  In  addition 
to  the  energj’  eigenvalues,  matrix  elements  for  radial  and  angular  coupling  and  the 
dipole  and  gradient  matrix  elements  are  calculated  for  all  combinations  of  the 
singlet  sigma,  pi,  and  delta  states.  Plots  and  tables  of  the  calculated  eigenv^alues 
and  matrix  elements  are  presented.  Where  possible  the  calculated  data  are  compared 
with  the  results  of  previous  work.  The  results  of  this  work  are  useful  for 
theoretical  collision  studies  of  H'*'+He  and  H+He*. 


^Supported  in  part  by  the  Air  Force  Office  of  Scientific  Research  under  Contract 

FUI+62O-73-C-OO77. 
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APPENDIX  B 

THE  ELECTRONIC  STRUCTURE  OF  ArF  AND  Ar^E* 

H.  H.  Michels  and  R.  H.  Hobbs 
United  Technologies  Research  Center 
East  Hartford,  Connecticut  O6IO8 

L.  A.  Wrigl-it  (DYF) 

Kirtland  Air  Force  Base,  New  Mexico  87117 

Calculations  have  been  performed  on  the  electronic  structure,  potential 

energy  curves  and  radiative  transition  probabilities  of  ArF  and  Ar2F.  Our 

predicted  emission  spectra  for  ArF  indicates  that  only  the  E -•  X 

transition  exhibits  a large  transition  moment  and  hence  a short  (~  5 nsec'! 

radiative  lifetime.  Calculations  for  AroF  indicate  that  the  bound  upper  ionic 
o 

state  has  symmetry  with  Ar-Ar  and  Ar-F  bond  lengths  similar  to  those  in 
the  corresponding  diatomic  species.  The  terminating  state  also  nas  ~B^  symme- 
try and  this  polyatomic  system  should  exhibit  a relatively  long  radiative 
lifetime  (~  200  nsec''. 

* Supported  in  part  by  AFOSR  under  Contract  No.  F^U620-73~C-0077. 
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AFPEIJDIX  C 

THE  ELECTRONIC  STRUCTURE  OF  EXCIMER  MOLECULAR  LASERS* 

H.  H.  Michels  and  R.  H.  Hobbs 
United  Technologies  Research  Center 
East  Hartford,  Connecticut  O61O8 

L.  A.  Wright  (DTP) 

Kirtland  Air  Force  Base,  New  Mexico  87117 

.1.  W.  D.  Connolly"^ 

National  Science  Foundation 
Washington,  D.  C.  20550 

ABSTRACT 

The  electronic  structure,  potential  energy  curves  and  radiative  trans- 
ition probabilities  of  excimer  systems  have  been  examined  using  quantum 
mechanical  methods.  These  molecules  are  characterized  by  repulsive  or 
weakly  bound  ground  state  potential  curves  and  by  bound,  strongly  ionic, 
or  Rydberg,  excited  states.  They  constitute  a very  interesting  class  of 
molecules  which  offer  the  possibility  for  high  power,  high  efficiency  UV 
laser  operation.  Calculations  have  been  carried  out  using  the  density 
functional  SCF-Xq^  method,  modified  extensively  to  correct  for  well-known 
errors  arising  from  approximations  to  the  potential  and  exchange  terns.  A 
limited  number  of  ab  initio  calculations  were  also  carried  out  for  com- 
parison purposes.  For  the  ArF  system  we  find  that  the  lowest  excited  ionic 
state  has  symmetry  ^ that  the  dominant  laser  transition  observed 

at  1933  X should  be  assigned  to  B ^^1/2  ^ ^^1/2'  ^ ^^3/2  ^ ^^"*”1/2 

transition  is  calculated  to  be  two-orders  of  magnitude  smaller  in  emission 

intensity  than  the  dominant  transition,  thus  ruling  out  this  assignment  for 
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the  observed  laser  line  in  ArF.  Preliminary  calculations  carried  out  for  Ar2? 
indicate  that  the  bound  upper  ionic  state  has  ^B2  symmetry  and  that  the  most 
probable  ground  state  also  has  symmetry.  This  polyatomic  system  is  pre- 
dicted to  exhibit  a broadband  emission  spectra  with  a relatively  long  radia- 
tive lifetime. 


* Supported  in  part  by  AFOSR  under  Contract  No.  Fi*ii620-73-C-007T . 

t Permanent  Address:  Quantum  Theory  Project 

University  of  Florida 
Gainesville,  Florida  32611 
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APPENDIX  D 

ELECTRONIC  STRUCTURE  Ai^D  RADIATIVE 
LIFETIMES  FOP  BO* 


H.  H.  Michels 

United  Technologies  Research  Center 
East  Hartford,  Connecticut 


R,  Harris 
J.  Lillis 


Air  Force  Weapons  Lab,  Kirtland  Air  Force  Base 
Albuquerque , New  Mexico 


ABSTRACT 


Quantum  mechaiacal  studies  are  in  progress  at  UTRC  and  AFWL  to  determine 
the  electronic  structure  and  radiative  properties  of  boron  oxide.  This  system 
has  very  high  potential  for  lasing  on  an  electronic  transition. 

Detailed  quantum  calculations  were  carried  out  for  all  of  the  low  lying 
electronic  states  connecting  to  B(^P)  + 0(^P)  and  3(^P)  + 0(^D).  These  studies 
included  examination  of  states  of  symmetry  ■>  2^ 

Accurate  configuration-interaction  wavefunctions  were  constructed  for  these 
states  and  a comparison  of  our  calculated  potential  curves  with  experimental  RKR 
curves  has  been  carried  out.  A systematic  calibration  of  the  calculated  curves 
has  been  performed  to  empirically  correct  for  core  polarization  effects  which 
were  not  included  in  the  wavefunction  expansion.  This  empirical  calibration  is 
significant  at  very  short  internuclear  separations  and  approaches  zero  at  large 
separations,  since  our  wavefunctions  separate  to  the  correct  atomic  limits.  Our 
final  adjusted  potential  curves  are  shown  in  Fig.  D-1 . 

This  system  is  :..riLeresting  owing  to  the  low  lying  a state  which  is 
metastable  with  respect  to  electronic  transitions.  This  state  is  bound  by  at 
least  2 eV,  unlike  its  analog  in  AlO  where  the  state  is  very  weakly  (<0.2 
eV ) bound . 

An  analysis  of  the  radiative  lifetimes  of  the  low  lying  states  of  BO  has 
been  carried  out.  The  allowed  transitions  B^X'*’  ■*  X^X'*',  B‘^X"''  ->■  A‘‘I1  and  A^H  -*•  X X"*" 
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have  been  exairdned  in  detail  and  estimates  of  the  lifetime  of  the  quartet 
system  have  been  made.  The  a^Z'*'  ->•  A^H  electronic  transition  at  about  5000 
looks  very  promising  for  pulsed  laser  operation  in  this  system. 


Supported  in  part  by  AFOSR  under  Contract  IIo.  Fhh620-73-C-0077 , 
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APPENDIX  E 

ELECTRONIC  STRUCTURE  OF  EXCITED  STATES 
OF  SELECTED  ATMOSPHERIC  SYSTR?-!^ 


H.  H.  Michels 

United  Techiiolof:ies  Research  Center 
East  Hartford,  Connecticut  06108 


: . INTRODUCTION 


In  order  to  evaluate  the  thermodynamic  and  radiation  properties  of  a 
natural  or  perturbed  state  of  the  upper  atmosphere  or  ionosphere,  the  thermal 
and  transport  properties  of  heated  air  are  required.  Such  properties  are 
also  of  particular  interest  in  plasma  physics,  in  gas  laser  systems,  and  in 
basic  studies  of  airglow  and  the  aurora.  In  the  latter  area,  the  release  of 
certain  chemical  species  into  the  upper  atmosphere  results  in  luminous  clouds 
that  display  the  resonance  electronic-vibrational-rotation  spectrum  of  the 
released  species.  Such  spectra  are  seen  in  rocket  releases  of  chemicals 
for  upper  atmospheric  studies  and  upon  reentj-y  into  the  atmosphere  of 
artifical  satellites.  Of  particular  interest  in  this  connection  is  the 
observed  spectra  of  certain  metallic  oxides  and  air  diatomic  species.  From 
band  intensity  distribution  of  the  spectra,  arid  knowledge  of  the  f-values  for 
electronic  and  vibrational  transitions,  the  local  conditions  of  the  atmosphere 
can  be  determined  (P.ef.  1 . 


Present  theoretical  efforts  which  are  directed  toward  a more  complete 
and  realistic  analysis  of  the  transport  equations  governing  atmospheric 
relaxation  ard  the  propagation  of  artifical  disturbances  require  detailed 
information  of  thermal  opacities  and  LWIR  absorption  in  regions  of  temperature 
and  pressure  where  molecular  effects  are  important  (Refs.  2,  O,  Although  various 
experimental  techniques  have  been  employed  for  both  atomic  and  molecular 
systems,  theoretical  studies  have  been  largely  confined  to  an  analysis  of  the 
properties  (bound-bound,  bound-free  and  free-free)  of  atomic  systems  ( Refs . -,5) 
This  has  been  due  in  large  part  to  the  unavailability  of  reliable  wavefunctions 
for  diatomic  molecular  systems,  and  particularly  for  excited  states  or  states 
of  open-shell  structures.  More  recently,  (Refs.  6-9)  reliable  theoretical 
procedures  have  been  prescribed  for  such  systems  which  have  resulted  in  the 
development  of  practical  computational  programs. 


The  theoretical  analysis  of  atmospheric  reactions  requires 
of  the  electronic  structure  of  the  ground  and  low-lying  excited 
atoms,  ions  and  small  molecular  clusters  o.  nitrogen  and  oxygen 
regions,  the  interaction  of  water  or  other  small  molecules  with 


the  knowledge 
states  of 
and,  in  certain 
these  clusters. 
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Because  of  the  computational  complexity  for  systems  with  large  numbers  of  elec- 
trons, traditional  ab  Initio  theoretical  methods  are  difficult  and  expensive  to 
apply.  However,  no  clear  alternative  choice  is  currently  on  the  horizon, 
although  progress  continues  in  semiempirical  and  perturbative  approaches  to 
the  calculation  of  electronic  structure.  Such  approaches  have  met  with  limited 
success  in  applications  to  electronically  excited  states  of  molecules.  Ab- 
initio  computational  programs  based  on  the  variational  theorem,  incorporating 
analytic  basis  functions  and  coupled  with  a configuration  interaction  analysis, 
remain  the  backbone  of  our  techniques,  for  studies  to  chemical  accuracy,  which 
are  applicable  to  systems  such  as  the  atmospheric  diatomic  molecules  and  ions. 

The  potential  curves  derived  from  such  calculations  can  often  be  empiri- 
cally improved  by  comparison  with  so-called  experimental  curves  derived  from 
observed  spectroscopic  data,  using  RKR  or  other  inversion  procedures.  It  is 
often  found,  particularly  for  the  atmospheric  systems,  that  the  remaining  corre- 
lation errors  in  a configuration  interaction  (Cl)  calculation  are  similar  for 
many  excited  electronic  states  of  the  same  symmetry  or  principal  molecular 
orbital  description.  Thus,  it  is  often  possible  to  calibrate  an  entire  family 
of  calculated  excited  state  potential  curves  to  near-spectroscopic  accuracy. 

Such  a procedure  has  been  applied  to  the  systems  described  here. 

The  particular  choice  of  the  atmospheric  systems  to  be  presented  here 
proved  to  be  somewhat  of  a problem.  Calculations  for  the  II2  molecule,  includ- 
ing all  low-lying  valence  and  Rydberg  states,  had  been  performed  several  years 
ago  (Ref.  10)  as  had  a fairly  extensive  set  of  calculations  for  02~(Ref. il). 
Gilmore  has  described  the  known  spectroscopic  states  for  O2,  HO  and  several 
states  of  their  corresponding  positive  and  negative  ions  (Ref.  12).  A complete 
analysis  of  all  of  the  valence  and  low-lying  Rydberg  states  for  ^’25  0^  and  NO 
including  ions,  seemed  too  formidable  (and  expensive)  a task,  so  the  systems 
^^2’  ^2~  been  selected  for  inclusion  in  this  review.  This 

choice  includes  the  most  important  atmospheric  positive  ion,  NO'*',  and  the 
chemically  most  interesting  negative  ion,  02“. 

The  general  composition  of  this  article  is  as  follows.  We  first  present 
a critical  review  of  the  current  status  of  electronic  structure  calculations 
for  molecular  systems.  This  is  followed  by  a compilation  of  the  potential 
energy  curves,  derived  spectroscopic  analysis  and  pertinent  discussion  of  the 
atmospheric  molecules  selected  above. 


Supported  in  part  by  AFOSR  under  Contract  No.  FUU620-73-C-007T . 
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